The detection of the high-energy neutrino event, IceCube-170922A, demonstrated that multimessenger particle astrophysics trigged by neutrino alerts is feasible. We consider time delay signatures caused by secret neutrino interactions with the cosmic neutrino background and dark matter, and suggest that these can be used as a new probe of neutrino interactions beyond the Standard Model (BSM). The tests with BSM-induced neutrino echoes are distinct from existing constraints from the spectral modification, and will be enabled by multimessenger observations of bright neutrino transients with future experiments such as IceCube-Gen2, KM3Net and Hyper-Kamiokande.
I. INTRODUCTION
The new era of multimessenger astroparticle physics has started thanks to the recent detections of high-energy cosmic neutrinos [1, 2] and gravitational waves [3, 4] . The recent detection of the high-energy neutrino event, IceCube-170922A [5] , with a neutrino energy of E ν ∼ 0.1 − 1 PeV, gave further motivations for time domain particle astrophysics. Although the significance of the association with the flaring blazar TXS 0506+056 is only ∼ 3σ, this flaring blazar was observed at various wavelengths [5] including x rays [6] and GeV-TeV γ rays [7] , which demonstrated the capability of multimessenger observations initiated by high-energy neutrino observations. Neutrinos, which are elusive particles with tiny masses, have important clues to particle physics Beyond the Standard Model (BSM) as well as the asymmetry between matter and antimatter. Since the discovery of highenergy cosmic neutrinos in IceCube, not only the properties of neutrinos but also different kinds of BSM physics, including dark matter (DM) and nonstandard interactions, have been discussed (see, e.g., [8, 9] ). In the Standard Model (with a minimal extension for finite neutrino masses), the time delay due to the finite neutrino mass (m ν ) is estimated to be ∆t ≈ m 2 (D/3 Gpc), which is much shorter than durations of known astrophysical transients (where D is the source distance). Possible time delay between neutrinos and γ rays have been discussed to place constraints on the weak equivalence principle (WEP) and Lorentz invariance violation (LIV) [10] [11] [12] [13] [14] . A time delay of a few days was also reported for IceCube-160731 coincident with a possible γ-ray counterpart, AGL J1418+0008 [15] .
Not only blazar flares but also various astrophysical transients such as long and short γ-ray bursts (GRBs) [16, 17] , supernovae (SNe) [18, 19] , transrelativistic SNe [20, 21] , and tidal disruption events (TDEs) [22, 23] , are promising high-energy neutrino emitters. It is natural that electrons and ions are coaccelerated in these sources, and the temporal and spatial coincidence between neutrinos and γ rays is expected. Even if their overall contribution to the diffuse neutrino intensity is subdominant, bright bursts or flares are detectable. Relevant characteristics of various extragalactic transient sources considered in the literature are summarized in Table 1 (see also Ref. [24] ).
In this work, we explore delayed neutrino signatures induced by BSM interactions (see Fig. 1 ), and suggest that they serve as new probes of secluded interactions with neutrinos themselves and DM particles. Such BSM interactions during neutrino propagation were discussed in light of neutrinos from SN 1987A [25, 26] , but detailed methodology to utilize the time delay has not been studied. Given that detections of multiple neutrino events from an astrophysical transient are feasible with next generation neutrino detectors [27] , BSM tests with neutrino echoes would be promising in the upcoming era of time domain multimessenger astrophysics.
II. NEUTRINO ECHOES FROM SECRET INTERACTIONS
In the Standard Model, extremely high-energy neutrinos can interact with the cosmic neutrino back- 
, which is much higher than TeVEeV energies. However, it has been discussed that BSMinduced neutrino self-interactions may occur in the typical IceCube energy range through a 1 − 100 MeV scale mediator [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] . We consider such nonstandard, secret neutrino interactions [69] [70] [71] , which may be expressed by effective Lagrangians, e.g.,
, where g ij is the coupling parameter. Note that although we do not specify whether neutrinos are Dirac or Majorana types, the allowed interactions for scalars and pseudoscalars are,
where ν L is the left-handed neutrino and N R is the righthanded neutrino. Then, for the mediator mass m φ , the resonance interaction happens at
For demonstration, we focus on the nonrelativistic CνB.
Let us consider the neutrino-(anti)neutrino scattering process via s-channel, νν → φ → νν. In this case, the angular distribution of the scattered neutrinos is isotopic in the center-of-momentum frame. (In general, details depend on the mediator spin as well as the main scattering channel.) In the CνB frame, because of the boost by ∼ E ν / √ s ∼ E ν /m ν , we may write:
where θ is the scattering angle and C ∼ 1 for a scalar or pseudoscalar mediator in the neutrino-neutrino scattering. More generally, for the differential cross section (dσ/dΩ), the average scattering angle is evaluated via
For example, E ν = 0.1 PeV and m ν = 0.1 eV leads to θ ≈ 2.8×10 −8 for a leading neutrino. Resulting angular spreading may be too small to be seen as a "halo" around the source, but can be big enough to make a sizable time delay signal ("neutrino echo"). The geometrical setup is analogous to γ-ray "pair echoes" proposed as a probe of intergalactic magnetic fields [72] [73] [74] [75] [76] [77] , although underlying interaction processes are completely different.
Large optical depth (conservative) limit.-So far, the expected number of high-energy neutrinos is limited. However, even if statistics are not large, e.g., N ν ∼ a few, the sizable effect of BSM interactions exists if the optical depth to the neutrino scattering is larger than unity:
The probability for neutrinos to experience the neutrino scattering is given by 1 − exp(−τ ν ). In the large τ ν limit, most of the neutrinos are scattered, and the spectral and flux information can be used to probe BSM neutrino interactions [66, 67] . However, large statistics may be required. The current constraints are much weaker than the ideal bound placed by n ν σ ν H 0 < 1 (where H 0 is the Hubble constant), and Ref. [66] showed that such an ideal limit (e.g., g 3 × 10 −4 (m φ /10 MeV) in the scalar mediator case) can be achieved for m φ ∼ 20 − 30 MeV with ten years of observations by IceCube-Gen2. As we see below, the time delay argument can provide us with a meaningful limit even with limited statistics, without relying much on the spectral information.
In the multiple scattering case, neutrino cascades [58, 59] 
The neutrino flux received on Earth is [73, 78] for the formulations).
If the neutrino and photons are coincident within a time window of ∆T , possible constraints can be placed by ∆t < ∆T , which leads to:
Note that this is valid only if D θ 2 8∆T , otherwise the time delay itself does not give a direct constraint on the cross section because of τ ν 1.5. In the neutrino-neutrino scattering case this implies ∆T 30 s C 2 (D/1 Gpc)(m ν /0.1 eV)(E ν /0.1 PeV) −1 . Small optical depth (stronger) limit.-The constraints discussed above make sense when the coupling is so large that multiple scattering events occur. However, this may not be possible for several reasons. First, the coupling or the scattering cross section may be bounded by other existing constraints, so that σ ν cannot be large enough. Second, the condition D θ 2 8∆T is not satisfied. For example, τ ν 1 − 2 is prohibited if the observed time window ∆T is too short. On the other hand, bright neutrino transients such as choked GRB jets and blazar flares could be detected with a large number of signals (i.e., N ν ≫ 1) by future neutrino telescopes such as IceCubeGen2 and KM3Net, in which we may still obtain useful constraints that can actually be better than those from Eq. (5) and even exceed the mean free path limit [66, 67] .
In the low τ ν limit, most of neutrinos (∼ N ν ) are expected to arrive together with photons within the intrinsic duration of ∆T em . However, in the presence of the BSM neutrino scattering, some neutrinos (∼ τ ν N ν ) experience the scattering once during the propagation, and the characteristic time delay is given by:
Note that this expression does not include σ ν , and with Eq. (4) the time delay can be written as
The probability distribution of delayed neutrinos in the low τ ν limit is approximately written as P (ϕ, ∆t;
. We remark that the time delay distribution reflects the differential cross section of the neutrino-neutrino scattering.
Given N ν ≫ 1, stronger limits can be placed for ∆T θ 2 D/8 (implying τ ν 1.5), in which nondetection of time delayed events itself may be used for the constraints. In the limit that the atmospheric background is negligible, which is the case at sufficiently high energies, the sizable effect is observable when the number of delayed neutrino signals is larger than unity, i.e., is the number of background events for a given time window. In the background free regime (that is valid for short duration transients), nondetection of BSM-induced neutrino echoes gives:
where the Poisson probability to observe nonzero time delayed events is set to < 0.9. One should keep in mind that the neutrino scattering cross section is energy dependent and D θ 2 8∆T should be satisfied. Note that Eq. (5) is applied in the opposite limit.
We show results for a scalar mediator in Fig. 2 . Here contributions from t-and u-channels are also included [58, 62] . In the resonant region (s ∼ m 2 φ ), we average the effective cross section by assuming an energy resolution of ∆ log(E ν ) = 0.6 (which is reasonable for high-energy track events [27] ). At E ν = 0.1 PeV, the two cases of ∆T = 3 d and ∆T = 30 s correspond to the large and small optical depth limits, respectively. We also show another case of ∆T = 30 s for E ν = 1 PeV, in which the multiple scattering limit is applied.
Other relevant constraints include one from kaon decay, which gives g 0.01 [62] (see also Refs. [79, 80] ). Big Bang Nucleosynthesis gives a constraint of m φ 1 MeV, although details depend on uncertainty in the extra number of relativistic species (e.g., [81, 82] ). We do not discuss other constraints that are more model dependent. We stress that astrophysical and laboratory constraints are complementary, and both are relevant. This is especially the case if neutrinos interact with the CνB though sterile neutrinos, in which the limits can be relaxed, depending on mixing angles [63, 66] .
III. APPLICATION TO NEUTRINO-DM INTERACTIONS
As a further application of the idea of BSM-induced neutrino echoes, we discuss neutrinophilic DM models in which DM and neutrinos share a new interaction, and possible constraints have been studied [67, [83] [84] [85] [86] [87] . For illustration, we consider a simple extension of the vector model mentioned above in which the new gauge boson also couples to DM (assumed to be a Dirac fermion),
where X denotes the DM with a mass m X . While in general the neutrinos and DM may have different charge assignments, here we take them equal and assume g X = g ν for simplicity.
Such an effective Lagrangian is accompanied by neutrino self-interactions, and the resulting constraints are shown in Fig. 3 . As in the previous case, if a bright neutrino transient with short duration is observed, we may place strong constraints even in the small optical depth limit. Here the coupling should be regarded as an effective parameter. The real coupling to the Standard Model can be made neutrinophilic via coupling the gauge boson to heavy sterile neutrinos, N . However, their effect is still felt as they effectively endow the active neutrinos with a mixing suppressed coupling to the new mediator. Models of this kind have been explored in Ref. [88] and also in the Dirac neutrino portal [89, 90] .
For the t-channel contribution, we find that the multiple scattering limit may not be applicable to most transients due to large values of θ 2 for relatively heavy DM. The cases for ∆T = 30 s are shown in Fig. 3 , where the constraint is given for the small optical depth limit (but with the replacement of n ν with n X ). The resulting constraint is comparable to that expected from detailed analyses with spatial and spectral information [85] . We note that the time delay from neutrino-DM scatterings receives contributions from both the Milky Way DM halo and extragalactic DM components. As known for decaying DM signals, the DM located in the line-of-sight are almost comparable because of
where R MW ∼ 10 kpc is the typical size of the Milky Way. For the Galactic contribution, the condition ∆T R MW θ 2 /8 is more easily satisfied, which may lead to σ νX 5.4 × 10 −24 cm 2 (∆T /1 d)(R MW /10 kpc) −2 C −2 (E ν /0.1 PeV). As we see, the constraints are more stringent for lowermass DM. For DM models that leads to sufficiently small scattering angles, the time delay from neutrino-DM scatterings in the large optical depth limit becomes independent of the DM mass, implying a bound of σ νX 10
. Although such limits would be weaker than the cosmology limits, σ νX 10 −33 cm 2 [91] , it takes place at much higher center-of-momentum energy.
Finally, we comment on other constraints that can be relevant. First, if neutrino-DM scatterings are efficient in the early universe it can inject energy and potentially "heat" the cold DM such that Lyman-α bounds on the small-scale structure are violated [81, [91] [92] [93] . Such kinematic limits are indicated in Fig. 3 . Second, new interactions can open up annihilation channels which may accommodate the DM abundance via thermal freeze-out. As is well-known, thermal freeze-out requires annihilation cross sections around (3 − 6) × 10 −26 cm 3 s −1 . In the limit that the channelXX → V V is open, we find that g ≃ 0.02 is needed to achieve the correct relic abundance. However, if the DM possesses a particleantiparticle asymmetry, larger annihilation cross sections are required. Also, DM may not be thermally produced. In particular, It is important to note that neutrinophilic DM should not thermalize for DM masses at the MeV-scale [94] , although it has been pointed out that a window of thermal neutrinophilic DM exists for masses ∼ (10 − 100) keV [95, 96] . Third, neutrino selfinteractions have been argued to be constrained by the CMB data [97] , although we find that this is less constraining than the kinetic decoupling considerations discussed above. Moreover, in models where the gauge boson couples to light sterile neutrinos, the early universe data may instead prefer a nonzero coupling because the new interaction can suppress their dangerous thermalization [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] . Fourth, laboratory constraints from Z and meson decays can also be relevant for models with direct active neutrino coupling [65, 79, 80] .
IV. SUMMARY AND DISCUSSION
We investigated detailed time delay signatures induced by BSM neutrino interactions. Considering scalar and vector mediator models that are popularly discussed in the literature, we demonstrated that relevant parameter space can be probed by current and future multimessenger observations of neutrino transients. Expected constraints are useful for MeV mediator models that could address various problems such as neutrino mass [62] , muon anomalous magnetic moment [61, 65] , and cosmological tensions [63, 68, 81] . Neutrino echo constraints can be placed without large statistics of neutrino events. If a bright transient occurs, we can even go beyond the mean free path limit without relying on details of neu-trino spectra.
Notably, BSM-induced neutrino echoes predict ∆t ∝ E −1 ν C 2 . This is distinct from predictions of other BSM signatures such as LIV and WEP violation (see a review [8] ). For example, LIV shifts the light velocity by (E ν /ζ n M pl ) n (where M pl is the Planck mass), leading to ∆t = D(E ν /ζ n M pl ) n (e.g., [77, 112] ). For neutrino-neutrino scatterings, cosmological time delays are dominant. On the other hand, the Milky Way DM contributes to neutrino-DM scatterings. This implies that DM in the host galaxy may also contribute to the time delay depending on ∆T and θ 2 . BSM tests with neutrino echoes would be applicable to lowerenergy (e.g., GeV-TeV) neutrino transients including the next Galactic supernova, for which ∼ 100 − 1000 events of high-energy neutrinos can be detected in IceCube and KM3Net [19] . Next-generation neutrino detectors such as IceCube-Gen2 [28] , KM3Net [113] and HyperKamiokande [114] are expected to test various types of BSM interactions [9] including the long range one [115] , and this work provided intriguing examples for time domain multimessenger astroparticle physics.
